Hydrocarbon gas explosion is one of the critical hazards resulting in huge environmental impact as well as loss of valuable assets and lives as observed from the historical disasters in the oil and gas industry. In response to these events, stronger international rules and regulations have been made to ensure safety of these structures. Hence, considerable effort has been devoted to quantify accidental design loads for flammable gas based on probabilistic approaches which requires extensive computational fluid dynamic simulations. Also, demand for 3D nonlinear dynamic finite element structural simulations has increased significantly with rapid progress in computer performance. Some of the major issues and difficulties in structural design and evaluation for probabilistic design loads are discussed in this paper. Uncertainties in explosion hazard analysis which cause large variations in probabilistic explosion responses are reviewed. Some gaps between provisions for design load estimation based on probabilistic approaches versus current structural design and analysis schemes are compared. Finally, it is concluded that there is an urgent need for reliable guidelines for risk-based structural design and simulation for probabilistic explosion design loads.
INTRODUCTION
Offshore safety and environmental standards have been dedicatedly developed after historical accidents. Provisions for offshore safety has been formed which underlie the safety rules and regulations of the day based on probabilistic approaches since Piper Alpha explosion disaster still holding the record for the largest number of death (167) within the shortest time (22 minutes) [1] in 1988 at North Sea. Whereas such project based probabilistic/risk-based regulatory preparations have been widely adopted among European Countries and UK, US adhered to prescriptive regulations until the Deepwater Horizon oil spill disaster at Gulf of Mexico in 2010 [2] . Although there are significant concerns of instituting the probabilistic regulatory system in US [3] , it is inevitable to cope with the rapid changes in the safety culture. Yet, it is critical to pay attention to what is necessary to rectify in the current risk-based offshore safety provisions developed mainly by UK and Norway. Issues in quantifying probabilistic design explosion load and its application to structural design and analysis for offshore facilities are investigated in this paper.
OFFSHORE DESIGN PROCEDURE
Offshore projects are linked to a series of design phases and can be described by the typical three design phases as follows: 1) Phase I : Conceptual Design 2) Phase II : Front End Engineering Design 3) Phase III: Detailed Design During the conceptual design phase, feasibility studies of the project with the most successful options for the plant type are done. Also, for the conceptual plant design, quantification safety studies on the identified hazardous events are carried out for all critical elements of the plant such as main structures, equipment, piping, etc. and personnel. After assessing the successful plant option in conceptual design phase, all relevant technical requirements of the company standards, classification society guidelines and practices, and international and national standards as well as the authority rules and regulations are thoroughly assessed during the front-end engineering design 
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phase. Once it is satisfied with all technical requirements, the design developed in FEED phase is reviewed and revised to approve construction during the detailed design phase. Again, HAZID and QRA are updated in this phase. Figure 1 depicts this design procedure for typical offshore projects.
Figure 1 Typical Design Procedure for Offshore Facilities
During the QRA study, design accidental load (DAL) specification that will be used in the following design phase is generated in each design phase. If it was found that there are some missing or varying assumptions in the previous design phase, there is no choice but redesign which results in the big loss of project time and cost. Hence, it is obvious that the success of offshore projects is dominated by the adequacy of QRA.
QUANTITATIVE RISK ASSESSMENT
The definition of typical hazards for offshore oil and gas facilities [4, 5] and the overall procedure of risk assessment [6, 7] are described in national and international standards. Detailed quantitative risk assessment is performed for critical hazards identified by hazard screening procedures such as HAZID and HAZOP (HAZard and OPerability study). Vapor cloud explosion and fire, however, are exclusively mandatory as the most critical hazards in the offshore engineering field. A flow chart of an ideal QRA for vapor cloud explosion is presented in Figure 2 . For each offshore project, appropriate selection of scenarios for vapor cloud explosion and blast load need to be determined first for CFD analysis and structural analysis. The annual rate of occurrence exceeding a specific level of explosion pressure, 'Hazard' and the corresponding probability of exceeding a specific structural damage state, 'Structural Fragility' can be assessed during the hazard analysis and fragility analysis. Then risk analysis produces the risk value that is annual probability of exceeding a specific structural damage state for vapor cloud explosion. It is determined whether the results of risk analysis can be reported or the design has to be modified in any way depending on the satisfaction of acceptance criteria which is 10 -4 or 10 -5 by the international standard [4] during the risk evaluation. Risk can be managed by two options in general to control the structural strength or hazard level. In other words, it needs to change structural design using stronger material or increase the member dimensions for option 2 in Figure 2 . Otherwise, the process layout needs to be redesigned for safer scheme in order to reduce the hazard level for option 1. However, structural fragility is typically omitted in current offshore industry practice which results in a deterministic structural design approach. Design blast loads are probabilistically evaluated during the hazard analysis. A typical exceedance curve (aka: hazard curve) is presented in Figure 3 . According to Norsok Standard [7] , only two explosion response parameters, the peak explosion pressure (P) and corresponding duration (t d ) or impulse for relevant areas exposed (I) are considered from simulated pressure-time curve to a generate triangle shaped design blast load curve as shown in Figure 4 . This approach, however, is appropriate in case that the negative impulse and subsequent pulses are negligible compared to the first pulse during the time period of the pressure-time curve as shown in Figure 5 . The importance of negative pressure for vapor cloud explosion has been discussed among researchers [8] . Also, it is often observed from CFD simulation results for vapor cloud explosion that not only the intensity of the negative pressure is considerable but also the subsequent pulses are significant as demonstrated in Figure 6 [9] . Figure 6 (a) indicates that the intensity of the negative impulse is compatible with that of the positive impulse, and the negative impulse can be bigger than the positive impulse. Hence, those two explosion response parameters are insufficient to characterize the pressure-time curve. It is necessary to investigate controlling parameters of vapor cloud explosion responses which leads to developing more reliable design blast load curve.
Furthermore, the variation in the exceedance curve is remarkable with different scenario selections, which induces a substantial change in design blast load estimation. Engineers try to reduce the number of scenarios without fundamental studies on its effect on risk analysis in order to save computational time and cost in practice. Whereas a few sensitivity studies of scenarios selection to seismic hazard [10] have been done, such an essential study of the effect on the explosion hazard has yet been tried. Although it reaches consensus on the need of such a primary sensitivity study, it is hardly done mainly due to extensive number of CFD simulations and data analysis. The author has done some studies and prepared for publications on this subject separately.
STRUCTRAL DESIGN AND ANALYSIS
The design blast load generated by the probabilistic hazard analysis are converted to an equivalent static load for structural design using dynamic amplification factor (DAF) as shown in the following equation:
P static = P peak × DAF (1) where P peak is the positive peak pressure of the simulated pressure-time curve and P static is the equivalent static pressure. Structural design provisions for accidental loads [11] specify that DAF should be determined by time history analysis for structures in case that the dynamic effects are considerable instead of using the values estimated for SDOF systems. However, the guideline for the specific procedure has not been prepared. Accordingly, 1.5 and 2.0 have blindly used for pressure waves and shock waves respectively in practice. Since several tons of heavy equipment are installed at random locations on the primary topside structures according to the process layout as displayed in Figure 7 [12], it is clear that the design approach based on the SDOF system is not appropriate to be utilized for such a high order MDOF system. It is an urgent matter to make preparations for reliable design guidelines under vapor cloud explosion.
The demand and the need of 3D finite element structural analysis are rapidly increased with the improvement of computer performance and growing public interests in safety in the offshore oil and gas field. Mesh size convergence test is necessary for robust analysis results in finite element analysis (FEA) because FEA is sensitive to the mesh size [13, 14] . In addition, strain rate parameters of the rate-dependent structural material are one of the crucial factors to properly account for the dynamic effect of blast load [15] . Many efforts devoted to do nonlinear dynamic FE simulations and experiments for different materials have yet to be integrated in a standard or guideline.
Figure 7 A typical topside module and processing equipment for offshore facilities [12]
Even if the issues with the above mentioned uncertain factors were resolved, the main question still remains on how to apply the probabilistic load quantity to the structure: § Which direction needs to be considered to apply the probabilistic design load? How many directions should be considered if one direction is not enough. § What equipment should be included in the analysis model? § How to consider different shapes of equipment on the primary structure since the blast load type varies for different shape? For instance, while overpressure will be applied to panels, round shape equipment and piping are subjected to drag force. For round shape equipment, overpressure will be applied together depending on the size.
All these essential details for gas explosion analysis should be clearly specified.
CONCLUSIONS
Probabilistic risk quantification methodologies for structural design of offshore facilities have been developed since 1980's in the offshore oil and gas field. Although probabilistic vapor cloud explosion provisions for offshore petrochemical facilities are far ahead in the engineering field, a few technical challenges still remain, which needs to be solved for more robust structural design. In this paper, major issues in design load evaluation and its application for structural design and analysis are discussed focusing on vapor cloud explosion for offshore facilities. Main findings can be summarized as follows:
1. Issues in probabilistic design blast load quantification -Design blast load estimation is highly dependent on the selection of flammable gas leak, dispersion, and explosion scenario. -Current explosion response parameters are not sufficient to represent the pressure-time curve. -There is no effective design alternative to cope with the approach to derive an equivalent static load using DAF developed based on SDOF system which is not appropriate for the topside structure that is the high order MDOF system.
2. Issues in 3D nonlinear dynamic finite element structural analysis -Essential information of dynamic material properties for different types of materials and proper mesh size for different loading rates is not integrated into consolidated database or regulatory documentation. -Few studies on structural analysis under such a complicated loading status have been done at the design level obtained according to probabilistic hazard analysis.
Further research on these topics needs to be done for more robust and reliable estimation of design loads and structural responses for accidental events. The research outcomes will be broadly applicable to different accidental hazards.
